In this review of the chemistry, absorption, metabolism, and mechanisms of action of plant isoflavones, emphasis is placed on the isoflavones in soy and the food products derived from them. Soybeans have been part of food history in Asia for several millennia but did not reach the Americas and Europe until the eighteenth century. In the twentieth century, there was a tremendous increase in the cultivation of soybeans in the United States and more recently in South America. Soy foods have entered the U.S. food supply in ever-increasing amounts both in the form of traditional products (soy milk, tofu) and in more subtle ways in dairy and bread= cake products. The isoflavones in non-fermented foods are for the most part in the form of glycoside conjugates. These undergo changes due to different processing procedures. Isoflavones and their metabolites are well absorbed and undergo an enterohepatic circulation. They are often termed phytoestrogens because they bind to the estrogen receptors although weakly compared to physiologic estrogens. This estrogenicity is not the only mechanism by which isoflavones may have bioactivity-they inhibit tyrosine kinases, have antioxidant activity, bind to and activate peroxisome proliferator regulators a and g, inhibit enzymes in steroid biosynthesis, strongly influence natural killer cell function and the activation of specific T-cell subsets, and inhibit metastasis. These various properties may explain the much lower incidence of hormonally-dependent breast cancer in Asian populations compared to Americans and Europeans.
molecules of malonyl CoA to form isoliquiritigenin or naringenin chalcone. Chalcone isomerase catalyzes the ring closure of the heterocyclic ring. Isoflavone synthase introduces a 2-hydroxyl group, which in turn is removed by an isoflavone dehydratase to yield daidzein (7, 4 '-dihydroxyisoflavone) and genistein (5, 7, 4 '-trihydroxyisoflavone) (Fig. 1) . The biosynthesis of glycitein (7, 4 '-dihydroxy-6-methoxyisoflavone), a major isoflavone in the soy germ (hypocotyls) is not understood. The numbering scheme for isoflavones is shown in Figure 2 .
Isoflavones in the soybean are converted to 7-O-bglucosides by a glucosyltransferase and then to their 6''-Omalonates by a malonyl transferase. This chemical form is stored in vacuoles until used by the plant and is the major form in harvested soybeans. Although the yellow or black soybeans are the most familiar forms, an early harvesting before ripening results in a green immature soybean. This is cooked by boiling still in the pod and is served as edamame. It has similar levels of isoflavones to the yellow and black soybeans. 5, 6 Soy Foods in Asia Although soybean-containing foods have become more popular in the United States over the past 50 years, they are in general quite different from the forms of soy consumed in Asia. 7 Unlike American soy foods, the latter are often fermented. Soybeans are converted using microorganisms to miso (added to soups and stews in Japan), soy paste (in Korea) and tempeh (with a texture like meat in Indonesia). Soy sauce is another familiar soy product and is made either by acid hydrolysis (no isoflavones) or by prolonged fermentation. The proteins and lipids in soybeans are extracted with boiling water to form soy milk, an important alternative to mother's milk in countries with a high incidence of lactase insufficiency. Soymilk is curdled to prepare tofu, which can be pressed to remove water. Tofu can be fried or added to numerous other dishes.
Soy Foods in the United States
In the United States, soybeans are grown mostly as a source of edible oil using a hexane extraction approach (Fig. 3 ). The defatted soy flour is enriched in protein (50% by weight). This has been traditionally used as the protein source in domesticated and research animal diets. 8 The soy flour is heated to produce a variety of related products-this includes toasting at 2508C. These are used in many bread and cake products, particularly in doughnuts. Soy flour is washed with water to remove soluble carbohydrates-this creates soy protein concentrate, which contains 70% protein by weight ( Fig. 3) .
FIG. 1. The pathway for isoflavone biosynthesis. First phenylalanine reacts with malonyl CoA to produce 4-hydroxycinnamoyl CoA. Under the catalytic control of chalcone synthase 4-hydroxycinnamoyl CoA condenses with three molecules of malonyl CoA to form a chalcone. Chalcone isomerase closes the heterocyclic ring to form naringenin. The B-ring is moved from the 2-position to the 3-position by isoflavone synthase. Isoflavone dehydratase removes water to generate the 2,3 double bond in the heterocyclic ring (see Figure 2 for the numbering scheme).
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Alternatively, soy flour is extracted with hot, aqueous 65% alcohol to remove carbohydrates, lipids, and other small molecules, including the isoflavones (also color and taste). This is another form of soy protein concentrate. Both the soy protein concentrates can be extruded to form textured soy protein, another meat-like product. Soy protein isolate (SPI), >92% protein, is prepared by first solubilizing the proteins in soy flour with a mild alkaline extraction (leaving behind complex carbohydrates and lipids) and precipitating the proteins by lowering the pH to 4.5 (Fig. 3 ). The soluble sugars remain in solution. SPI is found in many canned food products. It's added to improve the appearance of the food. It is also widely used by serious athletes who are on low-fat, highprotein diets. It's also used to prepare low-fat forms of soymilk. As in Asia, these soymilks are converted to tofu.
However, this is typically done aseptically producing shelfstable products. In a recent development, soy products are being made where microorganisms that hydrolyze the isoflavones are added to soy protein preparations.
Hidden Soy in Foods
Just as for those who suffer from peanut or milk allergies, there are those for whom avoiding soy is essential. And with the widespread presence of soy in food products, this can be a difficult task. Read the food labels carefully-a product having added ''hydrolyzed vegetable protein,'' or just ''vegetable protein'' contains soy. Besides the clearly labeled new ''soy'' foods (soy cheese, soy ice cream, soy yoghurt), soy can turn up in strange, but often familiar places. For instance, a soy-based batter is used to coat doughnuts-it provides the needed mouth-feel. When roasting the Christmas turkey, the expectation is that cooking will produce profuse gravy-to ensure that will happen, producers pump a solution of SPI into the turkey before it is sold. In some brands of canned tuna, the tuna meat is soaked in a soy broth. Chili often has added soy protein. Energy bars that are low-fat and high in protein may contain SPI. Licorice and licorice teas and most meatless products contain significant amounts of isoflavones. Extensive lists of common foods and their isoflavone content have been published. 9, 10 There is also a compilation of the isoflavone content of foods provided by a study funded by the U. S. Departments of Agriculture and the Army that can be obtained from the following website: http:==www.nal.usda .gov=fnic=foodcomp=Data=isoflav=isoflav.html.
FIG. 2.
The numbering scheme of isoflavones. The scheme starts from the ethereal oxygen in the heterocyclic ring. The B-ring ring has a separate numbering system (1'-6').
FIG. 3.
Soy food processing to commercially available items. The Asian products are largely on the left of the figure. There fermentation of soybeans is very common to make miso, soybean paste and tempeh, as well as soy sauce. Soybeans are used to manufacture full-fat soymilk and tofu. Tofu can be found in several forms depending how much water is squeezed out. Natto Is obtained from the surface layer when generating soymilk. The American products start with a solvent (hexane) extraction procedure to recover the oil from the soybean. The defatted protein-enriched soy flour (50% protein) is the source of soy protein concentrate (70% protein) and soy protein isolate (>90% protein). Soy protein isolate is used to make low-fat soymilk and tofu as well as a fermented isoflavone-protein enriched product.
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Changing Chemistry of the Isoflavones in Foods
Processing soybeans to make foods results in changes in their chemistry ( Fig. 4 ). In general, fermentation causes the removal of the glucosidic group releasing the isoflavone aglucone. 11, 12 If the fermentation is a lengthy process (for miso or some forms of soy sauce this can be up to 9 months), additional oxidative metabolism can occur introducing hydroxyl groups into the 6-and 8-positions on the A-ring ( Fig. 4 ). 13 Hexane extraction to recover the oil fraction does not alter the composition. However, the boiling water extraction of soybeans to make soymilk causes the hydrolysis of the malonyl group, yielding simple b-glucosides. 14 This also occurs during the hot aqueous alcohol extraction of soy flour. The alcohol extract is evaporated to form soy molasses, a rich source of isoflavones. The isoflavones are recovered to make products such as NovaSoyÔ, a 40% by weight isoflavone material. When soy is heated in a dry format (extrusion of soy protein concentrate or toasting of soybeans, soy flour or the hypocotyls), the malonyl group is decarboxylated to form the 6''-O-acetyl-7-O-b-glucoside. 14 These purified protein products can also be treated at the last stage of manufacturing with microorganisms to generate a soy protein material containing unconjugated isoflavones.
Other Foods or Supplements Containing Isoflavones
Soy is the principal plant that produces isoflavones (1-2 mg=g). 13 Generally, only small amounts are found in most other plants. 15 The chickpea has 1=100 th of the amount in soy. However, there are two other rich plant sources of isoflavones, one of which is found in large amounts in dietary supplements. The tuber of the American groundnut, Apios Americana, contains copious amounts (as high as 8 mg=g) of the 7-O-glucosylglucoside of genistein. 16 The tuber has been an important part of the Native American diet, particularly on the East Coast, and was reported to be in the first Thanksgiving feast. The other source is the root of the Kudzu ( pueraria lobata), a tropical vine presented to the U.S. government in 1876 to celebrate 100 years of independence. Unfortunately, it has no natural enemies and grows prolifically particularly in the southeastern part of the United States. There it is regarded as a pest. However, the root of the Kudzu has been used as a traditional medicine in Asia. 17: In addition to the O-glucosides, the Kudzu also contains large amounts of the C-glucosides of isoflavones. 18 Daidzein-8-Cglucoside is known as puerarin ( Fig. 5 )and it is often the major constituent of isoflavone dietary supplements found on pharmacy shelves.
Absorption, Metabolism and Excretion Of Isoflavones
The isoflavone aglycones are readily absorbed in the upper small intestine by passive diffusion, peaking in the blood within an hour of being ingested. 19, 20 In contrast, the bglucosides are not passively absorbed; however, they are easily hydrolyzed by b-glucosidases, either from intestinal 
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bacteria, or an enzyme in the intestinal mucosa. 21 The latter, lactase-phlorizin hydrolase, is also responsible for lactose hydrolysis. 22 Interestingly, its absence in many Asians may mean that the isoflavone b-glucosides are not readily hydrolyzed in the small intestine. The 6''-O-malonyl-or 6''-O-acetyl-7-O-b-glucosides are poorly hydrolyzed by b-glucosidases and therefore enter the large bowel where the microorganism concentrations are much higher. In this more anaerobic environment, not only hydrolysis occurs, but also reductive modifications to the heterocyclic ring producing dihydrodaidzein, O-desmethylangolensin and equol (7,4'-dihydroxyisoflavan) ( Fig. 6 ). Unlike daidzein and genistein, the reduced bacterial metabolites contain a chiral 3-carbon atom. In the case of equol, it is the S-(-)-isomer 23 (Fig. 7) . This is important since the R-(-)isomer is 30 times weaker in its affinity for estrogen receptor beta (ERb). 24 Chemically synthesized equol is a racemic mixture of the R-and S-isomers.
Puerarin (daidzein-8-C-glucoside) is different from the O-glucosides. It is resistant to enzymatic hydrolysis because of the C-C link between the glucose and isoflavone moieties. As a consequence, it is transported by glucose transporters in the intestinal mucosal cells. Its chemistry also means that it undergoes very little other metabolism prior to excretion. 25 The isoflavone aglucones once they enter the intestinal cell are converted to their b-glucuronides by UDP-glucuronyltransferases 20 and to a lesser extent to sulfate esters catalyzed by PAPS-sulfotransferases. 26 Glucuronidation and sulfation also occur in the liver. 27 These phase II metabolites are excreted in the bile and are deconjugated in the lower bowel allowing them to be reabsorbed again, creating an enterohepatic circulation. 20 Sulfate ester formation can also occur in peripheral tissues, particularly in cells obtained from mammary tumors. 28, 29 Localized metabolism of isoflavones can occur in the immediate vicinity of inflammatory cells. Hypochlorous acid (HOCl) produced by activated neutrophils causes chlorination of isoflavones. 30, 31 These can also be glucuronidated and excreted into bile. Peroxynitrite (ONO 2 À ), formed by the reaction of nitric oxide (NO : ) and superoxide (O 2 À: ) generated by activated macrophages, neutrophils and esinophils, causes 3'-nitration of isoflavones in a reaction similar to that observed on tyrosine residues in proteins. 30, 31 Interestingly, these modifications of genistein and daidzein substantially reduce their affinities to both ERa and ERb in a reporter gene system.
Mechanisms of Action of Isoflavones
The binding of isoflavones to mammalian estrogen receptors has been known for over 40 years. 32 However, compared to physiologic estrogens such as 17b-estradiol, isoflavones have approximately 100 times weaker affinities. 33 This is in part offset by the higher circulating isoflavone concentrations. A major difference between endogenous and dietary estrogens is that once made in the ovaries, the former reach responsive tissues in the unconjugated, i.e., biologically active, form whereas dietary estrogens are almost entirely conjugated, even in portal blood just after their absorption from the intestine. 20 The concentrations of unconjugated isoflavones are   FIG. 7 . Orientation of the isoflavone genistein and 17b-estradiol. Genistein has been drawn using the convention of flavonoid investigators (A). This has the A-ring on the left and B-ring on the right. The keto group in the heterocyclic ring points down. Most investigators in isoflavone research have drawn genistein rotated so that the keto group faces up (B). The X-ray crystallographic studies 36 , however, suggest that the correct orientation when comparing genistein to 17b-estradiol (D), is that obtained by rotating structure horizontally, with the B-ring on the left and the A-ring on the right (C).
FIG. 8.
Products of reaction of isoflavones with neutrophil oxidants. Three monochloroisomers (6-, 8-and 3'-Cl) and one mononitro (3'-) have been synthesized 30 and tested in biological experiments. 31, 46 Chloronitrogenistein has also been observed. 30 Daidzein R 1 ¼ H; genistein R 1 ¼ OH.
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only 1-5% of the total isoflavones in the blood. A similar issue occurs for orally administered estradiol-it has little or no biological effect except at high doses. Pharmacologists overcame this ''problem'' by replacing the 17a-H with an acetylenic residue (to form ethinylestradiol) to prevent metabolism. This modified steroid is the estrogenic component of many oral contraceptives. A new chapter in estrogen action was opened in 1996 with the discovery of ERb. 34 While it was related to ERa, which is located on chromosome 6, it was instead present on chromosome 14. 35 The ligand-binding sites were highly homologous between ERa and ERb. However, the few amino acid differences were such that genistein's binding affinity to ERb was substantially enhanced and this was substantiated by X-ray crystal structure studies. 36 It's worth noting that this isn't true for ERb across all species-in the Zebra fish, a popular new animal model, the amino acid differences between ERa and ERb do not lead to differences in the affinities of these receptors. 37 The structural studies also revealed that the conventional way (as used in Figs. 1, 2 , 4, 5, 6, 8, 9) of drawing the structure of genistein when comparing it to 17bestradiol is wrong; genistein should be reversed so that it is the B-ring that enters the estrogen binding site, not the A-ring 36, 38 (Fig. 7) .
A key point about ERa and ERb is that they are expressed in varying concentrations in different organs, as well as in different cell types. Some have suggested that isoflavone binding to ERb is an inhibitory process, not a proliferative one. 39 This presents a more complicated scenario for the likely mechanism of action of isoflavones.
A second mechanism of action of isoflavones, particularly of genistein, was discovered in the mid-1980s. Investigators were searching for ''safe'' inhibitors of protein tyrosine kinases (PTK). A Japanese group grew microorganisms in cell culture and tested the media for PTK activity. An inhibitory activity was detected 40 and the following year was identified as genistein. 41 Eventually, it was realized that genistein originated from the medium itself since a source of protein in the medium was soy protein. The microorganism caused hydrolysis of the genistein glucoside conjugates. However, although genistein is a PTK inhibitor, and is described as such in hundreds, if not thousands of papers, and there is a critical residue (Tyr537) on ERa that has to be phosphorylated for ERa to undergo nuclear binding 42 , in most circumstances the prevailing genistein concentrations at target sites are too low for this mechanism to be important in vivo.
Genistein, being a polyphenol, also has antioxidant properties. It can slow the rate of lipid peroxidation by reacting with lipid radicals. 43 However, it is not a strong antioxidant since the genistein radical can react with a polyunsaturated lipid to reinitiate the oxidation cycle. 43 Genistein may therefore be an antioxidant because of its effects on gene expression of enzymes that react with antioxidants or it can react with secondary oxidants such as HOCl or ONO 2 À (Fig. 8 ). Besides the estrogen receptor, genistein and other isoflavones also interact with the peroxisome proliferatoractivated receptors, PPARa=g. 44, 45 These are nuclear receptors that are activated by fatty acids (PPARa) and prostaglandins (PPARg) and serve as transcription factors. Genistein inhibits the tumor necrosis factor a-stimulation of monocyte adhesion to the vascular wall by upregulating PPARg. 45 Daidzein is less active than genistein. Interestingly, 3'-chlorination increased daidzein's agonist effects on PPARg to those comparable to genistein. 46 In contrast, 6-and 8-chlorination of daidzein substantially reduced the agonist activity on PPARg. 46 Several other mechanisms have been proposed for the activities of isoflavones. These include stimulation=inhibition of enzyme activities involved in steroid synthesis and metabolism. 47, 48 There are extragonadal sites of estrogen synthesis stimulated by genistein. 49 However, the effects of isoflavones on plasma estrogen or androgen concentrations are generally small. 50 Another enzyme target is thyroid peroxidasethis enzyme converts tri-iodothyronine (T 3 ) to thyroxine (T 4 ). Isoflavones are competitive inhibitors of this reaction. 51 Genistein is converted to a tri-iodo derivative (Fig. 9 ). However, all polyphenols from fruits and vegetables are inhibitors of thyroid peroxidase, many with lower K m s than genistein. 52 It is possible in environments where iodine intake is very low that polyphenol-induced reductions in thyroid hormones could occur. However, in the United States table salt and soybased protein products are supplemented with sodium iodide and the Japanese and Koreans include seaweed and kelp in their diets. Therefore, attempts to demonstrate thyroid deficiency while consuming soy or isoflavones have not been successful. 53, 54 The use of the ovariectomized athymic nude mouse to address the question of how does isoflavones influence breast cancer cell growth has been of great interest. In this model, addition of genistein to the diet provokes the growth of human, estrogen receptor-positive MCF-7 cells 55 , whereas daidzein and its bacterial metabolite S-(-)-equol have no effect. 56, 57 A limitation of this model is that to be able to introduce the human cells in the mouse, the immune system has to be disabled. In intact young mice, transplanted mouse mammary tumor cells are recognized by the immune system and are not allowed to grow. However, in older mice immune tolerance allows the tumor cells to grow. 58 Fractionation of the cell medium in which the tumor cells were grown demonstrated that an exosome fraction from the tumor inhibited activation of natural killer (NK) cells by interleukin-2 (IL-2). 59 The exosomes fused with the NK cells allowing the proteins in these lipid particles to enter the NK cells. Subsequent investigations revealed that polyphenols, particularly curcumin, restored NK cell response to IL-2. 59, 60 The mechanism for curcumin's effect appeared to be increase protein ubiquitination in the exosome. 59 Hence, when the exosome proteins where transferred to the NK cells they had lowered or no activity since they would be transferred to the proteasome for degradation.
Finally, in attempts to understand genistein's role in the clinical phase of breast cancer, it is important to consider metastasis. Clinically, it is metastasis that is life threatening, not the presence of the primary tumor in the breast. Most of the animal models in which mammary tumors are induced by carcinogens do not have a metastatic component. In an interesting experiment in mice, human breast cancer cells expressing the green fluorescent protein were introduced and allowed to grow. 61 The animals after 5 weeks were placed on either an isoflavone-free diet or a diet containing 500 ppm genistein. After five weeks, the lungs of the animals were examined for the presence of the GFP-labeled tumor cells. Genistein had no effect on the size of the tumor, but reduced the number of tumor cells in the lung by 95%. 61 This result may explain why unlike American or European women, the incidence of breast cancer in Asian women hardly changes once they reach menopause, a result of soy and its associated isoflavones in their diet. 62 These studies need to be urgently carried out in the model of metastasis using breast cancer cells containing an estrogen receptor to see if this interesting result is generalizable to all breast cancers. Comparable studies are being pursued to ascertain the value of genistein in the prevention of metastasis in prostate cancer. 63, 64 
